Abstract
Context: Global Software Development (GSD) allows companies to take advantage of talent spread across the world. Most research has been focused on the development aspect. However, little if any attention has been put on the management of GSD projects. Studies report a lack of adequate support for management's decisions in software development, further accentuated in GSD since information is scattered across multiple factories, stored in different formats and standards. Objective: This paper aims to improve GSD management by proposing a systematic method for adapting Business Intelligence techniques to software development environments. This would enhance the visibility of the development process and enable software managers to make informed decisions regarding how to proceed with GSD projects. Method: A combination of formal goal-modeling frameworks and data modeling techniques is used to elicitate the most relevant aspects to be measured for managers in GSD. The process is described in detail and applied to a real case study throughout the paper. A discussion regarding the generalisability of the method is presented afterwards. Results: The application of the approach generates an adapted BI framework tailored for software development according to the requirements posed by GSD managers. The resulting framework is capable of presenting previously inaccessible data through common and specific views and enabling data navigation according to the organization of software factories and projects in GSD. Conclusions: We can conclude that the proposed systematic approach allows us to successfully adapt Business Intelligence techniques to enhance GSD management beyond the information provided by traditional tools. The resulting framework is able to integrate and present the information in a single place, thereby enabling easy comparisons across multiple projects and factories and
Introduction
Nowadays, the globalization of software products and the variety of skills required for their development have made necessary to implement a wide and general procedure in order to adopt new approaches in software engineering. In this context, the concept of Software Factories (SF) arises, where software is produced in an industrialized fashion, with multiple delocalized development groups collaborating together across the globe and enabling what has been referred as Global Software Development (GSD) [1, 2] .
However, while this approach allows companies to integrate a variety of talent and skills from different places, traditional management techniques for software development were not designed for this environment. In turn, new challenges arise that threaten the success of software development in SF. On the one hand, the range of skills and cultures affects the performance of development groups depending on how much they need to interact with others. Therefore, project estimations need to take these aspects into account in order to maintain their accuracy [3, 4] . On the other hand, the lack of integrated data and missing information across development groups hinders the capability of analysis and decision making. Indeed, one of major failures in software factories is the lack of knowledge regarding what data has to be gathered to support the decision making process [4, 5] . In turn the lack of information leads to the inability to answer critical questions for making decisions. How are we doing with regards to the overall project development? Are we progressing faster or slower than the previous month? Has it affected the rate of defects found during this testing phase? What groups work better with others? What group is affected most by potential changes in requirements? Is the product ready for a release?
Finally, GSD is also subject to organizational challenges that affect the software produced. As shown in [6] , the organizational structure affects the quality of the software produced. In this sense, factories involved in software development can be organized in multiple ways, ranging from distributed groups pertaining to the same company [7] , to outsourcing [8] and virtual enterprises. As organizational distance increases, its impact and risks on software development also increase [9] . Furthermore, in the case of outsourcing and virtual enterprises, the different groups do not only need to envision the same piece of software, but they also benefit from being aware of the business objectives pursued by the group [10, 11] .
While most efforts have focused on the development aspect [12, 1, 3, 4, 7, 13] , little if any has been put on the information needs from a software development management perspective [5] . Therefore, the main research question is: How can we provide a solution with adequate support for decision making in software development management?; and the subquestions: Are existing techniques suf-A C C E P T E D M A N U S C R I P T ficient to reach this solution? and, Can we develop a general information model to address these needs?
In this paper we propose to tackle these challenges by taking a Business Intelligence (BI) perspective on the analysis and management of software development in SF. BI is often referred as the use of knowledge-intensive techniques for aiding in the decision making process and improving the business performance. Software production in SF can benefit from both traditional and new BI techniques [14, 15, 11, 16] . From obtaining more visibility of the development process thanks to data integration to modeling Key Performance Indicators (KPIs) for decision making and enabling powerful analytics thanks to the adoption of a multidimensional perspective of the data.
However, before BI can be successfully applied to SF, a careful analysis is required in order to (i) adapt BI techniques for software development and (ii) determine the generalizability of each component, identifying which need to be specifically tailored for each case. Therefore, the main contributions in this paper are as follows: (i) we propose a methodology that guides and integrates current BI techniques to create a tailored BI solution for software development management, and (ii) we propose an architecture to improve software management in SF by enriching and integrating the information available, thereby enabling BI and software analytics. Our approach takes into account the specific BI information needs required in SF, including high-level performance indicators and complementing those found in [5] , and improves the awareness of managers when making decisions by creating interconnected dashboards so that managers are aware of cross-concerns.
The remainder of this paper is structured as follows. Section 2 presents the related work in the area of SF and the background on BI. Next, Section 3 shows our methodology applied to the elicitation of specific needs in SF by means of a running example. After the needs have been identified, Section 3.3 describes the process for enriching the information used by management for making decisions. Afterwards, Section 4 presents how the BI solution for SF is implemented. Following the implementation, we present a discussion in Section 5 about the generalizability of the artifacts and the implementation. Finally, Section 6 presents the conclusions and sketches future works.
Related Work
Global software development has been a topic of research for more than a decade. Initial research was focused on analyzing what and how globalization factors affected the results of the software development process. Multiple research works [1, 12, 2, 3, 4] showed that geographical, temporal, cultural, and organizational distance among other factors affected the performance in GSD. In [2] , the authors analyze two case studies on GSD to extract a set of lessons learned. From these case studies, the authors highlight the importance of management and sharing standards across development groups in order to be successful. In [12] , the authors analyze potential solutions for tackling the problem of distance in GSD, discussing the advantages and disadvantages of A C C E P T E D M A N U S C R I P T each one. Cultural, geographical and temporal distance are discussed in [3] , where authors describe each of the challenges and how software development companies try to cope with them. In order to alleviate the effect of these factors, a number of tools have been developed to aid in GSD. In [17] the authors provide a systematic mapping review to discover all the available tools in the field of global software engineering (in total 132) and what functionality these tools provide. Several of those tools discussed are widely adopted by distributed developed teams and they are used in global software projects.
These tools have contributed to alleviate the effect of these factors. As a matter of fact, it may be observed a changing trend [18] nowadays, in which these geographical, temporal and socio-cultural aspects have been replaced by other factors as the most critical. In recent studies [18] is reported that GSD experts perceive as crucial several factors the team members skills, the appropriate management of GSD projects, along with process maturity play an increasingly important role. These conclusions motivate the need to properly manage all the involved data to enhance the making decision process. This is especially important for companies working in GSD contexts, given the large quantity and diversity of available information which involves greater complexity, as information from each one of the factories and its corresponding sub-projects has to be handled.
There are few initiatives which deal with these issues from the visualization perspective. [19] , suggests a new visualization technique to deal with portraying large-scale systems based on the underground railway map metaphor, known as Tube Map. [20] propose the use of Cockpits, as a kind of dashboard, for the visualization and coordination of distributed software development. In [21] a visualisation environment named DESGLOSA is described. The environment is composed of a set of visualisation metaphors that can hierarchically organized to show both the information related to GSD projects and subprojects and the organisational context of companies and their corresponding factories. Lastly, we should mention the improvements in visualization that are based on cities, such as those proposed by [22, 23] . Some breakthroughs in this environment are the systems based on cockpits [20] and World View [24] , which proposes the display of development on a world map. Another stream of research in visualization which can be useful in GSD contexts has to do with tools which provide awareness of human activities in software development [25] . Some recent contributions related to this type of tools are SecondWatch [26] and ProxiScientia [27] .
However, most of the techniques to support decisions for GSD managers are based either on visualization focus, or such as pointed out in [5] on the development aspect, whereas information needs have been mostly overlooked. As a result, it is typical that the information required for software development management is scattered, making it impossible to analyze. Therefore, in [5] , the authors perform a survey at Microsoft in order to elicitate what information would be required to enable software development analytics. The results report a special focus on past and present analysis in order to identify not only what happened during projects but also why and how.
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In parallel, lastest research in BI has been focusing on identifying critical information for making decisions, monitoring business performance, and how this information should be visualized. Initial works, such as the Balanced Scorecard (BSC) [10] and Strategy Maps [28] have been widespread adopted by enterprises to monitor their performance. The BSC monitors the activities of the company by keeping track of multiple KPIs that are related to the main business goals, while Strategy Maps analyze the business strategy looking for potential flaws. More recent works have included additional information for business modeling and monitoring. In [29] , the Business Intelligence Model (BIM) allows analysts to formally model business objectives, their relationships, and KPIs. Finally, in [30] , the authors conduct a comprehensive multidisciplinary literature review with an aim to identify critical issues when implementing dashboards. They state that dashboards are likely to solve the problems of presentation format and information load, such as those present in GSD, when certain features are present (e.g. high data-ink ratio and drill down features).
Nevertheless, there are two main drawbacks for the application of existing BI methodologies and techniques in GSD. First, they typically do not cover the whole cycle of development required to implement a solution, and instead are aimed at tackling specific problems, such as alignment through KPIs [10] , business strategy analysis [29] , or building the data warehouse itself [31] , for which an interface must be developed afterwards. This implies that their application as a complete solution relies on deep knowledge and adequate selection of the BI techniques available so that they complement each other. Such knowledge is often missing from software developers and managers for which BI is out of their scope as they are only users of the system. Second, BI techniques themselves rarely include guidelines for their application to specific domains. This entails the existence of gaps in the solutions developed due to the lack of important concepts from the domain knowledge. For example, existing techniques lack indepth analysis of indicator relationships which can have undesired side-effects when making decisions in certain domains, and it is common to overlook important information sources during the analysis when the BI analyst is not familiar with the domain. Therefore, we require a methodology that (i) integrates specific BI techniques and (ii) guides both the BI analyst and the domain expert in their development of a tailored solution for software development management, by taking into consideration not only their specific needs but also those elicited by the industry.
Summarizing, at the moment, GSD presents a large amount of scattered information that cannot be exploited in its current state. There is a need for powerful, simple to use tools, that enable software development analytics and present information in an integrated fashion, allowing managers and developers to navigate the data from aggregated to highly detailed levels. However, before this solution can be achieved, BI techniques must be integrated in an organized fashion in order to be able to create a final solution that satisfies all the requirements in managing software development.

Business Intelligence for Global Software Development
Successfully applying BI to GSD requires taking into account new factors not considered in traditional software development. From a high level point of view we can differentiate two main areas of focus. The first area is related to the business objectives of the companies involved, whereas the second area is related to the software development process and the systems in place to support it. In the following, we present our methodology to enable the successful application of BI for software companies which operate in a GSD context, starting from the analysis of business objectives up to the visualization of the information gathered. Firstly an overview of this process is provided. Afterwards, we present the case study that serves as running example. This running example will be used to explain the process and its application in detail.
Process Overview
The methodological approach to support decision making in GSD by applying business intelligence is depicted in Figure 1 . As it can be observed, firstly, business objectives are analyzed, in order to establish their relationships and identify the business processes responsible for achieving them and KPIs for monitoring them and making high-level decisions (1) . During the business modeling steps, we make use of the Business Intelligence Model (BIM) [29] , presented in the Related Work section. Afterwards, decision makers and man- 
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A N U S C R I P T information they require during the decision making process (2). This step is covered by means of the i* for data warehouses [31] modeling language. In order to obtain a comprehensive view of the impact of decisions, the influences of individual indicators identified during this step are included in an extended business objectives model (3) . After the information needs have been elicited, we proceed to inspect the available data sources in order to analyze data quality and find information that may have been overlooked during the previous steps (4) . With all the data gathered, we create a repository that integrates several data sources and allows decision makers and managers to analyze aggregated and detailed information (5). The repository is modeled at the conceptual level, using the platform-independent language UML for data warehouses [32] . Finally, we elaborate a set of dashboards (6) that take into account individual and business objectives and their relationships, so that managers are aware of other indicators affected when they make a decision.
Overview of the Application example
In order to apply the formerly proposed method in real contexts, the data collected from a representative company participating in the ORIGIN R&D project were used. ORIGIN project was carried out by a consortium composed of five companies and two universities in Spain, with the aim to create a framework for the management and development of software in global contexts.
The company which was chosen to validate the method is formed by more than 9000 professionals distributed across 21 factories throughout several countries in Europe, Africa, The Americas, and Asia. Nowadays the significance of GSD in its business is very remarkable, given that its big sales volume increase is due mainly to the positive evolution of the international market. In order to preserve the confidentiality of the data they were anonymized. In the following we will refer to this company as BestApps.
The data records contained management information about GSD projects in the company. Each record included multiple information, such as the factories involved in the project, the project managers and development groups at each factory, and the technology used for developing and managing the project among others. Despite having all this information, it was extremely difficult to compare the performance of factories and projects, since the structure of the records had been evolving across factories and years. To further complicate the assessment, indicators and criteria to make decisions were scattered across the records, thus making it difficult to track and understand the status of a project across the multiple factories involved.
In order to improve the visibility of data and enable the performance analysis across factories and projects, we applied our methodology. In the following section, we present each step of the methodology with more detail by using the application example based on this real world case.
Application of the Methodology
In this section each step of the methodology is described in detail and its usage is illustrated by applying it to the provided case study.
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S1. Business Strategy Modeling
Business strategy modeling can help coordinating multiple SF by establishing a clear criteria depicting the priorities for the group [33, 34] and how the group intends to achieve them. Business strategy modeling is based on extracting high level goals and indicators [35] pursued by each participant and obtaining a high level view of the relationships between them.
When making decisions, managers will try to improve the indicators associated with the processes at hand and, in turn, influence the KPIs associated with strategic goals. Therefore, it is important to provide this information in order to evaluate the effects of decisions on all the relevant indicators. For this task we can use either the Business Motivation Model (BMM) [36] or BIM [29] . The former allows us to model goals and indicators (referred as objectives in the BMM specification) in a textual fashion, whereas the second one includes a graphic notation, is formalized, and provides support for reasoning techniques that can be used to analyze the strategy. For these reasons, we use BIM for tackling the Business Strategy Modeling step.
Application
BestApps company is a software development company that produces software for multiple markets and customers by means of a GSD approach. At the moment, BestApps is trying to improve its efficiency. However, since only project management files are accessible, and they are scattered across multiple semi-structured files, the company lacks visibility of the process and it is difficult to make decisions. BestApps directly owns the different factories involved in the development process, thus, for our current case study, we will exemplify the process using BestApps strategic objectives.
BestApps pursues several high level objectives that the company wishes to achieve, shown in Figure 2 . They wish to Maintain their Competitive Advantage (g1) and Differentiate their Products (g2) in order to promote the International Expansion of the company (g3). Moreover, they also wish to Reduce Costs (g4) by making an Efficient Use of Technological Services (g5), all supported by Promoting R+D (g6) and Improving the Software Development Process (g7). Among these business goals, there are three especially relevant for us, related to the improvement of the software development process: Increase Productivity and Efficiency (g8), Improve the Quality of Services (g9) and Improve Flexibility (g10).
For each of these business goals, a KPI is required in order to objectively monitor its performance. As we are trying to improve software development, we will focus on the KPIs selected for this process: Productivity (Avg Number of Products/Time, xg8.1), Efficiency (Avg resources/products, xg8.2) and Degree of Requirements Compliance (Requirements Fulfilled/Identified, xg9). As we can see in Figure 2 , the goal Improve Flexibility does not have an associated KPI. This goal is defined as "being able to cope with changing conditions in the environment or in requirements". Therefore, we can identify influences between goals, but there is no clear criteria to determine if the company is achieving this goal or not.
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Once we have identified the high level KPIs, we proceed to perform a rolebased analysis of the objectives pursued by managers within the software development project. This will allow us to (i) understand how each role tries to improve the process and affects business-level KPIs, and (ii) what information they require for making their decisions.
S2. Role Based Decision Making Analysis
Role based decision making analysis is important because it ensures that we (i) build an information system that supports the different roles involved in the decision making process, and (ii) each role is provided only relevant information. In order elicit this information, we analyze their individual objectives during interviews and then refine them by asking "why" and "how" they intend to achieve them. For this task there are multiple goal modeling languages that enable us to analyze individual objectives, the most prominent ones being the i* family of goal modeling languages [37, 38, 31, 39] . Among these languages, i* for data warehouses [31] and GRaND [39] allow us to establish relationships from strategic goals to the information required to achieve them, required later on for building the information repository. We choose i* for data warehouses for its integration within a Model Driven approach that lets us create the information repository in a semi-automatic way, reducing the time and effort required for the implementation. There are multiple roles involved in software development management, each contributing to the success of the project and, ultimately, the achievement of the high-level business objectives. The three main roles for software development management in BestApps are as follows: (i) the Project Manager, (ii) the Requirements/Scope Manager, and (iii) the Quality Manager.
• The Project Manager has three strategic goals to meet, shown in Figure 3 . He wishes to Manage and Distribute Effort put into the different tasks throughout the project, Avoid Deviating from the plan specified, and Increasing the Productivity of the workers ("S"). In order to achieve these goals he needs to make several decisions ("D") using information from four individual indicators. These indicators are represented by the information requirements in the diagram ("R"). The first indicator, Productivity, establishes the ratio between two measures ("M") Actual Effort to Actual Size. The second indicator, Effort Distributed per Phase, calculates the ratio between the Actual Effort for a certain Phase compared to the Total Effort. The third indicator, Effort Planning Deviation, provides information about how much the project is deviating from the plan. This indicator is calculated by subtracting the Actual Effort to the Estimated Effort and dividing the result by the total effort. Finally, the fourth indicator is the Fulfillment of Milestones, which keeps track of the deviation from the agreed dates for each Milestone with the Client. Each of these indicators is related to several contextual elements ("C") that will be transformed into dimensions in our BI system.
• The Scope Manager is focused on maintaining the stability of the project by managing changes in requirements. His two main strategic goals are Ensuring the Stability of the project and Obtain Client's Approval. For achieving these strategic goals, he has to decide whether to accept or reject changes in requirements, and reach an agreement with the client. On the one hand, the relevant indicators for helping the Requirements Manager gather information on the Stability of the Project are the ratio of Requirements Added, Modified, and the Requirements Stability, obtained by how many requirements are altered compared to the Total Requirements. On the other hand, the ratio of Requirements Cancelled and Approved help him understand how much the Client is satisfied with the current product.
• Finally, the Quality Manager ensures that the software developed meets the quality standards of the company. This way, his main strategic goals are Increasing Product Quality, Improving Test Effectiveness and Improving the Quality of the Maintenance phase. In order to achieve these strate- Aside from these roles, given the GSD nature at BestApps, a Global Manager is in charge of supervising the progress made across SF and projects. This manager is focused on deciding if new factories are incorporated to the projects and requesting corrective actions if deviations appear at project level. Therefore, the Global Manager uses a high level view of the data, characterized by the introduction of Projects as aggregations of Subprojects and Factories, allowing him to compare how much effort is put on the project by each factory and what deviations exists.
As we can see, each of the roles focuses on its own set of indicators and requires different information in order to make decisions. However, decisions often affect more than one indicator, both at individual as well as at company level. Whether directly or indirectly, these collateral effects are not always desired, but it is rarely the case that decision makers are provided with the corresponding information. In order to avoid this pitfall, our methodology models the effect of individual indicators both on the global KPIs as well as on other individual indicators. This will serve us later on to implement a visualization of the information model that considers these relationships and provides managers comprehensive information to make their decisions. 
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S3. Modeling Indicator Influence Relationships
Individual indicators are important for managers because they help them prioritize and make objective decisions based on available data. However, it is often overlooked that maximizing individual indicators may not be positive for all business goals, or even for other indicators that are also being monitored. Influence relationships sometimes lead to the unfortunate situation where two managers try to adjust the value of their own indicators and constantly disrupt each other as a result.
By modeling the relationships between indicators we provide awareness about the impact of each decision made. This step should be performed in collaboration with experts, or using mining techniques [40, 41] , as the relationships between indicators may need to be estimated.
Application
In the case of BestApps, our collaboration obtained the results shown in Figure 4 , where Scope Manager's (SM) indicators are related to business KPIs and goals. A plus (+) sign shows a positive influence on another indicator, whereas a minus (-) represents a negative influence.
There are three KPIs that may be affected by individual indicators: Productivity (xg8.1), Efficiency (xg8.2), and Requirements Compliance (xg9). Furthermore, we can estimate the impact on the business goal Improve Flexibility by means of its definition. An increase in Requirements Modified (SM xg1) leads to a decrement in Efficiency (xg8.2), as time and resources required to obtain the product increases. Productivity (xg8.1) is also likely to decrease, since modifications do not alter significantly the size of the product but require effort to be implemented. Finally, dealing with an increasing number of requirements modified increases Requirements Compliance (xg9) and Flexibility (g10), as the updated needs of the customers are taken into account. A similar effect is produced by the addition of requirements (SM xg2). However, in this case, new requirements are likely to increase the code base, thus it is not expected to have an effect on Productivity. Furthermore, Requirements Stability affects positively Requirements Compliance and Improve Flexibility, since it indicates that the user is satisfied with current requirements. Finally, Requirements Cancellation and Requirements Approval are mainly related to Requirements Compliance. Figure 5 shows the analysis of the impact of individual indicators on other individual indicators. For the sake of brevity, indicators that do not have any relationship are not shown. Productivity (PM xg1) has a positive effect against the Deviation of Milestones (PM xg4), whereas Effort Deviation (PM xg4) is likely to harm it. Furthermore, Scope Manager's indicators are the ones with the biggest range of influences since they affect the requirements of the product being developed. Adding or modifying requirements (SM xg1, xg2) has a negative impact on most indicators of other managers, whereas maintaining requirements stable or cancelling them helps to correct Deviation of Milestones and minimize Software Evolution. Finally, in the case of the Quality Manager, the Technical Quality of the code (QM xg5) is likely to help improve Issue Resolution Time (QM xg7).
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By identifying all the existing influences, we can build an information system that improves awareness and avoids undesired collateral effects. Once the strategic analysis has been completed, the next step is to analyze the data sources in order to locate relevant data for making decisions.
S4. Data Source Analysis
Data sources provide the necessary data for making decisions. As we will see, most of the data provided by data sources are low-level data. While lowlevel data is interesting for finding the root of a problem, it is not adequate to support the decision-making process, as (i) managers cannot feasibly understand the implications of such a large and varied amount of data and (ii) isolated data often cannot explain the rationale of problems at hand because part of the information is missing. Therefore, these data will require to be integrated and aggregated in order to ease its use [5] .
Application
Within GSD environments there are multiple data sources from where information can be extracted, from repositories to messages, conversations, and professional social networks [42] . Since our intention is to provide accurate and reliable information for decision makers and managers, in this paper we will focus on the most common and reliable set of data sources: project repositories, ticketing systems, and project metadata.
First, project repositories store the source code of the project being worked on. They come in different fashions depending on the technology used, such as Git or Subversion (SVN), and can be standalone or integrated with management platforms, such as Atlassian or Hackystat [43] . They can provide us technical information about the project such as the number of commits, the author of each commit, the timestamp when the commit was made, the files that were affected, and the size of files. Additionally, depending on the system we can obtain the number of lines of code, or the ratio of coverage of the current test suite among others.
Second, ticketing systems track pending tasks, requests for changes, and reported bugs. These systems include information about who is working on each task, how much time was planned and how much time was actually needed for a task, the priority level of the ticket, the status, and what other tasks and files are related to the task at hand. Furthermore in the case of bugs, ticketing systems also include the version of the project affected, the relevant files, the person who reported the bug.
Third, project metadata and project management files provide crucial information regarding how projects are developing. As in the case of repositories, project metadata and management files can be supported by a number of technologies, typically Microsoft Project files. Among the metadata included, we can highlight the project name, the target market, the customer, the project manager, and the type of project lifecycle. Finally, among project management data we can find estimated and current effort, tests data, the project phase,
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Once we have identified all the relevant data, the next step is to structure it into a multidimensional view to enable data navigation.
S5. Multidimensional Design
Multidimensional modeling is a technique proposed [14] for enabling Online Analytical Processing. One of the major challenges of multidimensional modeling is creating a model that is able to represent the information while being understandable by decision makers and satisfying their needs [31, 32] . First, we will present the basic concepts involved in multidimensional modeling. Then, given the large amount of information available, we will present a summary of our multidimensional model.
Multidimensional modeling is based on structuring the information in terms of Facts (center of analysis) and Dimensions (context of analysis). On the one hand, Facts contain FactAttributes, that provide information about the performance of the process being analyzed. For example, the NumberOfDefects provides information about the quality of the software. On the other hand, Dimensions provide context information for the analysis, allowing the user to analyze performance from multiple perspectives. For example, the Project dimension allows us to analyze how much we have been deviating from our estimations across multiple projects. In addition, dimensions also enable managers to navigate data thanks to their hierarchical structures. For example, a Project with 5 defects can be divided into several Subprojects, one with 1 defect and another with 4 defects.
The representation of multidimensional models can be done through several modeling languages which share these common concepts, including UML for data warehouses [32] , dimensional fact model [44] , or the extended ER model [45] . In our case, we choose UML for data warehouses due to its enhanced expressivity, allowing us to represent advanced multidimensional details such as cardinality of dimensions and hierarchies, and due to its integration within a Model Driven approach [31] .
Application
We will start by describing the dimensions involved in software development analytics, part of which can be seen in Figure 6 . We have three dimensions related to the customer: Market, Client, and Milestone. These dimensions are especially relevant for managers since they help to compare how different clients are satisfied by the products and services offered [5] . Market provides information about the type of software being produced, allowing BestApps to compare how products that target different types of markets perform. For example, we can compare how well ERPs perform compared to Analytic solutions. Next, Client describes the information known about the specific client that is using a product of the company. Clients can be further aggregated into areas of activity. For example, one of BestApps clients is SteelWheels (fictitious), which belongs to the area of Motorvehicles. The last dimension in the group, Milestone, stores information about the set of Milestones agreed with a Client. Furthermore, we have three dimensions that are related to all kinds of software development: Project, Phase and Issue (omitted). First, a Project represents one of the multiple developments that the company is undertaking. Projects are composed of one or more Subprojects, each assigned to one or more Factories. It is worth noting that, particularly to this company, Projects also represent versions of the same software. Therefore, if managers wish to analyze Versions and Releases as a separate entity, an independent dimension should be added to the multidimensional model containing the corresponding information. Second, Phase dimension represents the multiple phases that a project can pass through. This dimension allows managers to evaluate how each Project evolves through multiple Phases. Third, an Issue represents tasks requiring attention from a developer, and can be grouped according to their Priority.
Next, we have the Factory and Time dimensions. On the one hand, Factory
is a specific dimension of GSD, relating the information stored in the facts to the factory or factories responsible for it. Time, on the other hand, is a standard dimension on most data warehouses, as it allows us to analyze the information in chronological order or slice the data pertaining to a specific period. Our schema presents a standard Time hierarchy, that can be further extended depending on the needs of each specific case. Finally, the remaining dimensions omitted are Commit, Developer, and Artifact dimensions, which store the information regarding changes performed on the software during the development These dimensions are distributed across three facts: (i) Management, seen in Figure 6 , containing measures related to the management aspects of software development, (ii) Milestones, containing specific information related to the deviation from the milestones agreed with the Client, and (iii) QualityAndMaintenance, containing measures related to quality aspects of the process and the software product. Each of these facts is linked with several dimensions that enable the comparison of performance across groups and data navigation. In order to verify that the schema proposed meets BestApps information needs, as well as those specified in literature, we mapped them to the data stored in the schemata proposed. All information needs were satisfied except for those that require an inspection or analysis of the code. We recommend to be integrate this information directly into the end user layer, as historical values are rarely stored.
The multidimensional model proposed allows decision makers to navigate through the data by means of dimensions and hierarchies. In the following section, we will show how an interface for analysis by means of dashboards that is easy to use and contains all the critical elements identified, making the information accessible to software development managers [5] .
Implementation and Visualization
The implementation of the dashboards was performed taking into account the information described in previous sections.
In Figure 7 we can see one of the dashboards proposed for BestApps, more concretely the detailed view of the KPI Efficiency (xg8.2). This initial set of dashboards is tailored according to the business strategy and provides different perspectives of the data to support the decision making process. In addition to this set of dashboards, each role has available its corresponding view containing the information identified as relevant thanks our methodology introduced in previous sections. Our solution includes a Scorecard view with all the KPIs defined in the strategy. For each of them, we provide a description including how it is calculated (A), the elements that are affected by the KPI (B), its influence on other KPIs (C), and a detailed view of the evolution of its value across time (D). The influence map is represented by means of a new chart called Influence heat-matrix, let managers acknowledge the existing influences and navigate between the KPI details view. For showing the relationship in a chart we join a co-occurrence chart and a heatmap providing a custom visualization, similar to [41] . This view helps managers to assess the impact of their decisions on other KPIs.
The personalized set of dashboards presented in Figures 8 and 9 present information tailored to the specific roles involved in GSD. Figure 8 shows the Map view available exclusively to the global manager, who requires an overview of the different factories involved in the projects selected and their current performance. This view allows the global manager to quickly pinpoint problematic projects and factories and drill into the details in order to locate the source of the problem. Meanwhile, Figure 9 shows the personalized view of the Scope Manager, focused on giving an overview of his most relevant KPIs across projects.
As shown, our visual approach allows every management role to be aware if the business objectives are being achieved, what is the status of relevant indicators for other management roles, and make a decision being aware of the impact that it will have on the rest of the elements involved.
Discussion and Limitations
We have shown that, by following our methodology, we are able to cover the information needs of managers in software development. While the methodology can be applied to other case studies "as-is", the results of certain steps are expected to vary with the case study at hand. Therefore, in this section we will first highlight the reasons behind these variations in order to provide a more Then, we will provide a discussion on the limitations of the approach. First, regarding the artifacts produced, business strategy modeling and alignment depends on the companies involved. In our case, BestApps was the single owner of all factories. In other cases, the strategy will be a combination of the goals of all participants. The benefits of applying this step is that all companies will share a common vision of the objectives pursued, helping to avoid potential conflicts between them. Furthermore, the set of personal indicators obtained depends on the objectives prioritized by each particular software management role. In our experience, the set of indicators presented is expected to be relatively stable across case studies.
Second, the information repository has been designed considering all information needs elicited in both the literature and the case study, thus it is expected to change only depending on the (lack of) information available. We must, however, highlight that it can be the case that some managers wish to take a different perspective on the information. For example, as mentioned previously in S5, it may be useful for them to separate the information of Projects from its multiple versions and releases. In these cases, the adapted schema can be obtained by repeating the role-based decision making analysis described in S2, and deriving the new multidimensional model according to their preferences.
Third, in terms of implementation, the processes for extracting the information are to be implemented in a case by case basis depending on the data sources at hand. Examples of these sources can be the Git/SVN repositories, Microsoft Project files, PROM [46] or Hackystat [43] . Furthermore, dashboards and analysis cubes created will depend on the BI tool preferred by each company. We chose Pentaho [47] since it is widespread adopted and open source, thus it can be reused across case studies. However, other BI solutions (SASS, etc.) could be chosen for the implementation.
Regarding the limitations, while business strategy modeling performed with BIM in S1 requires little training (1 session), business alignment and conflict resolution may require additional effort. BIM includes formal reasoning techniques to help identify conflicts and potential alternatives. However, they require deeper knowledge of the framework in order to interpret the results and propose alternatives if none exists at the moment. Since BestApps was the sole owner of all factories, this issue did not arise in our study.
In S2 and S3, depending on the number of performance indicators that the company uses, the number of relationships can increase dramatically. In this sense, we recommend to define few, high-level aggregated indicators associated to the software development process. The reason is twofold. First, these indicators provide the managers with a concise idea of how decisions over their individual indicators align with the objectives of the company. Otherwise, even if all the relationships can be identified, managers have difficulties to make informed decisions due to the increased visual and cognitive complexity. Second, in our experience data quality can be a problem at the moment when extracted from software development repositories, thus the application of mining techniques in the early stages of the methodology to simplify the analysis of large A C C E P T E D M A N U S C R I P T groups of indicators can require additional data cleaning efforts. Despite these limitations, indicator relationships are still useful because of the awareness they provide about the impact of individual decisions. While this may not prevent a manager from prioritizing its own indicators, it improves the communication and enables other managers to understand why their own indicators are being affected.
Finally, in S6 the visualization has to be adapted to the preferences of each particular user. In our case, the global manager made explicit the requirement to visualize the information in a geographic fashion. Depending on the availability of the information, these visualizations would need to be updated manually when new factories come into place (lack of detailed geographical information) or could be integrated automatically by drawing them on the map according to their associated latitude and longitude values. The remaining charts and dashboards do not pose a problem since they have all the required information to show new data when new information is integrated into the system.
Conclusions and Future Work
In this paper we have presented a methodology for creating the necessary support for decision making in global software development environments. We have covered all the steps involved in the process and shown how to apply them by means of our case study. During this process, we have identified the information needs of managers, both in traditional software development, as well as in GSD. As a result, by applying our approach, we have elaborated an information schema that provides visibility of the development process and supports most information needs requested by managers. Furthermore, as highlighted by both managers and developers, one of the most important aspects for enabling software development analytics is that they are easy to use [5] . In this sense, we have shown that, by adapting BI for software development, we can not only integrate and present information that would otherwise be unrelated and scattered, but we can also enable decision makers to navigate and analyze the data in an easy way by means of roll-up and drill down operations, dashboards, and other tools provided by BI platforms. Moreover, thanks to our approach, the dashboards obtained provide awareness for managers about other indicators that may be affected by their decisions, thus avoiding collateral effects from going unnoticed. Finally, we have discussed the generalizability and limitations of the approach and how it could be adapted to other specific cases. In the future, we intend to apply our approach to other companies, comparing the results obtained in order to obtain a more comprehensive set of results.
In addition, the work presented in this paper opens new possibilities for future works. Firstly, implementing a platform that automates as much of the work presented as possible will enable software factories to quickly start analyzing their performance. In turn, this will also enable a quantitative evaluation of the benefits of the solution, as it enables us to define metrics for compare the performance of similar projects with and without support from our solution. Second, analysis techniques can be adapted in order to provide additional A C C E P T E D M A N U S C R I P T information by exploiting the relationships established in the schema. Finally, this work can be extended by moving from the management perspective to the developer perspective, and trying to augment the information provided to developers while they are coding software. While managers are often focused on increasing customer's satisfaction, developers focus on improving the effectiveness and efficiency of the product, thus, a tool that helps them direct their focus on the parts requiring most attention could be very useful for them. 
